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The aim of this research is to study imaging techniques using quantum entangled qubits. These techniques 
extract information about the quantum state of two entangled qubits and corelate the degree of entanglement 
to each pixel. Imaging information of the underlying structure or material is decoded using the 
reconstruction of the quantum density matrix along with the calculated entanglement and concurrence levels 
between the two qubits. Reconstruction of a quantum state and quantum state tomography are of increasing 
importance in quantum information science. Quantum state tomography is used to describe entanglement 
of trapped ions [1] and photons [2]. Number of experiments were demonstrated in quantum computing, 
quantum communication and quantum networks where the quantum state density matrix was reconstructed 
from a set of experimental measurements [2-11]. It is also clear that quantum sensing, quantum computing 
and quantum imaging techniques can outperform current classical systems in certain areas [12-15]. Yet 
very little work was done to experimentally apply quantum imaging techniques to study and image 
birefringent materials.   
In 1935, Einstein, Podolsky and Rosen published the famous EPR paradox [16], underlining the 
incomplete description of physical reality and the requirement of hidden variables. The phenomenon 
involved quantum entanglement and it opened opportunities for research in numerous fields of study. In 
 
 iv  
optical communication entangled states were applied to quantum information theory, quantum teleportation 
and quantum cryptography [16-29]. Probably the most popular applications are in quantum computing. The 
superposition of entangled states represents quantum bits in combination of both logical one and zero 
simultaneously. For the last few decades, very few experiments were conducted to utilize quantum 
entanglement in imaging or material characterization applications.  
The proposed study develops and describes quantum imaging and characterization techniques using the 
increased sensitivity and quantum-entanglement of the bosonic states. Quantum mechanics accommodates 
co-existence of two completely indistinguishable photon particles separated in space. One of the entangled 
photons can be made to interact with the investigated sample. The sample is placed on a microscope slide 
and scanned in the transverse and/or axial plane. The localized birefringence changes the polarization of 
the photon, and these changes translate into a reduction of the coincidence rate of the entangled photons. 
This research also presents the first experimental imaging implementation of polarization sensitive quantum 
optical coherence tomography (PS-QOCT), a technique introduced years ago by a group at Boston 
University. The idea is simple enough:  it consists of a fourth-order interferometric technique that uses 
quantum-entangled photons, generated in a type-II crystal via spontaneous parametric down-conversion. In 
contrast with its classical counterpart, PS-QOCT provides resolution enhancement and immunity to even-
order group velocity dispersion. A proof-of-principle of this technique was demonstrated a while ago [30] 
using a type-II collinear phase-matching in a BBO crystal pumped by a Ti:Shapphire picosecond pulsed 
laser source. However, imaging measurements have not been reported in [30]. The work in this thesis 
provides the missing data. 
The goal of this research work was to develop and study quantum imaging techniques. Apply entangled 
qubits to characterize birefringence and reconstruct images from entanglement and concurrence levels. 
Quantum imaging technique was also used to examine healthy and cancerous human lung tissues. Well-
defined concurrence and entanglement images of birefringence were obtained in lung tissue with melanoma 
while no birefringence was detected in healthy samples. Melanoma is an aggressive tumor and has a 
propensity to metastasize to lymph nodes in lungs, liver and virtually any other site of the body. Our work 
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suggests that quantum imaging could eventually assist with the medical diagnosis of metastatic melanoma 
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1. Introduction and Motivation 
1.1 Introduction 
     Quantum mechanics provides description of the nature at the atomic scale. Explanation of atomic 
phenomena when using classical electrodynamics leads results that conflict with experimental observations. 
This is very clearly seen from the well known single photon interference experiment. While observing 
single particle passing through a screen with two open slits, Classical physics expects a distribution of these 
particles projected onto a back screen as a simple superposition from each individual slits separately. Each 
particle that passes through one slit should have no effect on the particle passing through the other slit. Yet, 
the experimental observation of the atomic particles’ distribution, be that electron, or photon, takes the form 
of a diffraction pattern. The resulting outcome is that the laws governing atomic level phenomena – 
quantum mechanics are fundamentally different from those of classical physics.  
     Quantum mechanics theory started to take form in 1920s through the works of Niels Bohr, Erwin 
Schrodinger, Werner Heisenberg, Max Born and many others. In 1935 Einstein, Podolsky and Rosen 
published the famous EPR paradox [16], underlining the incomplete description of physical reality and the 
requirement of hidden variables. The phenomenon involved quantum entanglement. Quantum 
entanglement is a physical phenomenon where the quantum states are described as one joint system, even 
though the two particles are separated in space. The behavior of these particles might seem contradictory, 
meaning any measurement of one result in a collapse of the entangled wave-packet and forces the other 
particle to take specific spin. This phenomenon was first outlined in 1935 Schrödinger, Einstein, Podolsky, 
and Rosen where authors recognized this unintuitive, "spooky" phenomenon called by Schrödinger 
“Verschränkung,” entanglement, "this feature implies the existence of global states of a composite system 
which cannot be written as a product of the states of individual subsystems" [16, 21].  
     Introduction of entanglement opened opportunities for research in numerous fields of study. In optical 
communication entangled states were applied to applications in quantum information theory, quantum 




computing. The superposition of entangled states represents quantum bits in combination of both logical 
one and zero simultaneously. For the last few decades, very few experiments were conducted that used 
quantum entanglement in imaging and material characterization applications. In this proposal we study 
imaging techniques using quantum entangled states. The techniques extract information about the quantum 
state of two entangled particles and correlate the degree of entanglement to each pixel. The idea is that one 
of the entangled photons interacts with the investigated sample. The sample is scanned in the transverse 
plane and its localized properties change the entanglement between two particles.  
1.2 Thesis Statement 
The primary objective of this research work was to design and implement quantum imaging techniques 
using entangled photons. To image birefringent samples using Polarization Sensitive Quantum Optical 
Coherence Tomography (PS-QOCT), a fourth-order interferometric technique that uses quantum-entangled 
photons. PS-QOCT provides resolution enhancement and immunity to even-order group velocity 
dispersion. Apply the entangled qubits to characterize birefringence and reconstruct images from 
entanglement and concurrence levels, examine healthy and cancerous human lung tissues and quantify 
levels of birefringence detected in the malignant melanoma samples.  
Briefly, the proposed technique differs from current classical: 
[I] Polarization Sensitive Quantum Optical Coherence Tomography 
i) Fourth-order interferometric technique uses quantum-entangled photons 
ii) PS-QOCT provides resolution enhancement and immunity to even-order group velocity 
dispersion  
[II] Characterization of birefringence using entangled qubits and reconstructed quantum state 
i) Reduction of experimental noise using quantum state reconstruction process 





Table 1-1 PRIMARY OPTICAL AND ELECTRONIC COMPONENTS TO IMPLEMENT THE 
PROPOSED QUANTUM IMAGING TECHNIQUES 
Main components Description 
CW 405nm single mode laser  CW 405nm BW = 1.5nm  
PPKTP crystal L = 10mm, P = 10µm, 𝜃 = 90ᵒ, 𝜙 = 23.5ᵒ 
Temperature control unit for crystal  
2 x SPCM Excelitas co. SPCM-AQR-14 
Linear optical components (PBS, mirror, etc.)  
2 x Movable stages 0.10 µm resolution 
Movable stage 1.5µm resolution 
 
1.3 Thesis Outline 
Chapter 2 is a brief overview and theoretical background of non-linear optics. The discussion covers 
types of non-linear processes, classical overview of second harmonic generation and quasi phase matching. 
Chapter 3 is an overview of current optical imaging techniques. The brief overview of classical 
microscopy, confocal microscopy and optical coherence tomography is covered.  
Chapter 4 provides an introduction to quantum entanglement with overview of parametric down 
conversion, quantization of the electromagnetic field, generation of the entangled photons in periodically 
poled KTP crystal. Fourth order quantum interference is discussed in detail and experimental results 
compared to theoretical expectations. 
Chapter 5 outlines the Polarization Sensitive Quantum Optical Coherence Tomography design and 
experimental setup. It includes a demonstration and detailed description of the quantum imaging as well as 
scattering profile of the investigated sample.  
Chapter 6 provides an introduction to the design and experimental setup of birefringence 




density matrix reconstruction techniques and compares the image quality of reconstructed quantum state 
images of a birefringent sample using quantum state tomography with images using inverse optimization 
techniques. 
Chapter 7 includes a demonstration and detailed description of the qubit imaging of the a biological 
sample. Well-defined in-vitro entanglement images show the presence of birefringence in lung tissues with 
melanoma and no birefringence is detected in healthy samples. 
Chapter 8 presents a summary of the research work and a proposal for future research work, as well as 

































[1] Häffner, H., Hänsel, W., Roos, C. F., Benhelm, J., Chek-al-kar, D., et al. Scalable multiparticle 
entanglement of trapped ions. Nature, 438, 643-646 (2005) 
[2] James, D. F. V., Kwiat, P. G., Munro, W. J. & White, A. G. Measurement of qubits. Phys. Rev. A 64, 
052312 (2001).  
[3] Shi, L., Galvez, E. & Alfano, R. Photon Entanglement Through Brain Tissue. Sci Rep 6, 37714 (2016) 
[4] Altepeter, J. B., Branning, D., Jeffrey, E., Wei, T. C., Kwiat, P. G., et al. Ancilla-Assisted Quantum 
Process Tomography. Phys. Rev. Lett. 90(19), 193601 (2003) 
[5] Y. Israel, I. Afek, S. Rosen, O. Ambar, and Y. Silberberg, Experimental tomography of NOON states 
with large photon numbers. Phys. Rev. A 85, 022115 (2012) 
[6] Marcel Neugebauer, Laurin Fischer , Alexander Jäger , Stefanie Czischek , Selim Jochim, et al. 
Neural-network quantum state tomography in a two-qubit experiment, Phys. Rev. A 102, 042604 (2020)  
[7] Mihailov, A.E., Latypov, I.Z., Kalinkin, A.A., Shkalikov A., Kalachev A., et al,Polarization 
tomography of a narrow-band biphoton field. Bull. Russ. Acad. Sci. Phys. 75, 1658–1663 (2011). 
[8] Y. Pilnyak , P. Zilber, L. Cohen, and H. S. Eisenberg, Quantum tomography of photon states encoded 
in polarization and picosecond time bins. Phys. Rev. A 100, 043826 (2019)  
[9] Omer Bayraktar, Marcin Swillo, Carlota Canalias, and Gunnar Bjork Quantum-polarization state 
tomography. Phys. Rev. A 94, 020105(R) (2016)  
[10] Manuel Erhard, Hammam Qassim, Harjaspreet Mand, Ebrahim Karimi, and Robert W. Boyd, Real-
time imaging of spin-to-orbital angular momentum hybrid remote state preparation. Phys. Rev. A 92, 
022321 (2015) 
[11] Megan Agnew, Jonathan Leach, Melanie McLaren, F. Stef Roux, and Robert W. Boyd, Tomography 
of the quantum state of photons entangled in high dimensions. Phys. Rev. A 84, 062101 (2011) 
[12] Magued B. Nasr, Bahaa E. A. Saleh, Alexander V. Sergienko, and Malvin C. Teich, Demonstration 




[13] B. E. A. Saleh, M. B. Nasr, A. V. Sergienko, and M. C. Teich, Dispersion effects in quantum optical 
coherence tomography, Opt. Express 12(7), 1353–1362 (2004).  
[14] A. F. Abouraddy, M. B. Nasr, B. E. A. Saleh, A. V. Sergienko, and M. C. Teich, Quantum-optical 
coherence tomography with dispersion cancellation, Phys. Rev. A 65, 053817 (2002).  
[15] T. S. Larchuk, M. C. Teich, and B. E. A. Saleh, Nonlocal cancellation of dispersive broadening in 
Mach-Zehnder interferometers, Phys. Rev. A 52, 4145–4154 (1995). 
[16] A. Einstein, B. Podolsky And N. Rosen, Can Quantum-Mechanical Description of Physical Reality 
Be Considered Complete, Physical review (1935) 
[17] Amnon Yariv, Pochi Yeh, Photonics Optical Electronics and Modern Communications, Oxford 
University Press, (2007). 
[18] Ryszard Horodecki et al. Quantum entanglement, Reviews of Modern Physics (2009) 
[19] Robert Fickler et al., Real-Time Imaging of Quantum Entanglement, Scientific Reports (2013) 
[20] A. Lamas-Linares et al., Stimulated emission of polarization-entangled photons, Letters to Nature 
(1993) 
[21] Erwin Schrodinger, The Present situation in Quantum Mechanics: A Translation of Schrodinger’s 
“Cat Paradox”, Proceedings of the American Philosophical Society (1980) 
[22] David Bohm, A Suggested Interpretation of the Quantum Theory in Terms of “Hidden Variables.”, 
Physical review (1952) 
[23] T. Honjo, Entanglement-based BBM92 QKD experiment using superconducting single photon 
detectors, OSA (2008) 
[24] Charles H. Bennett, Quantum Cryptography without Bell's Theore, Phys. Rev. Letters (1992) 
[25] Charles H. Bennett, Communication via One- and Two-Particle Operators on Einstein-Podolsky-
Rosen States, Phys. Rev. Letters (1992)  
[26] Charles H. Bennett, et al., Teleporting an Unknown Quantum State via Dual Classical and Einstein-
Podolsky-Rosen Channels, Phys. Rev. Letters (1993) 




[28] A. Rubenok, et al., Proof-of-principle eld test of quantum key distribution immune to detector 
attacks, Phys. Rev. Letters (2013) 
[29] Yang Liu et al., Experimental measurement-device-independent quantum key distribution, Phys. 
Rev. Letters, 13(111), (2013)  
[30] Mark C. Booth, Bahaa E.A. Saleh, Malvin Carl Teich, Polarization- sensitive quantum-optical 






































2. Brief overview of classical nonlinear optics theory and techniques 
2.1 Introduction 
     There are a number of different types of nonlinear optical (NLO) processes. Inclusive in that group are 
the parametric processes like Second Harmonic Generation (SHG), intensity-dependent refractive index, 
parametric down-conversion, sum and difference frequency generation, and optical parametric oscillation; 
as well as non-parametric processes, such as two-photon absorption, stimulated Rayleigh scattering and 
stimulated Raman scattering.  This is certainly not an exhaustive list. A number of these processes are used 
in various microscopy techniques, discussed in the next chapter.  
     In the next section, we summarize SHG [1, 2], and later we apply similar classical derivations in an 
attempt to solve the Spontaneous Parametric Down Conversion (SPDC), quantum process, for the 
generation of entangled photons. The limitation of classical non-linear techniques will be evident in the 
description of the quantum process and the need for a quantum description is highlighted. Nevertheless, the 
classical approach includes a complete description of momentum space and conical refraction of a biaxial 
crystal that fits well with experimental observations. 
2.2 Nonlinear Optics Overview 
The field of non-linear optics arguably started with the 1961 ruby laser experiment by Franken et al. 
[1]. In this experiment, a high intensity beam of red light (λ=694 nm) was focused on a quartz crystal, 
resulting in a faint blue beam (λ=347 nm), which was the second harmonic of the pump.  Subsequent work 
by Bloembergen et al (1965) and many others further developed the field [1].  
Electromagnetic theory describes the nonlinear interaction of light and matter. We start with Maxwell’s 
equations: 
 ∆		 ∙ 𝑫 = 	𝝆       (2.1) 
 ∆		 ∙ 𝑩 = 	𝟎       (2.2) 
  ∆		 × 𝑬 = − !𝑩
!#




 ∆		 × 𝑯 = 𝑱 + !𝑫
!#
       (2.4) 
In homogeneous and isotropic media, the electric displacement vector D and magnetic flux density B are 
related to the electric field E and the magnetic field vector H through: 
𝑫 = 	𝜺𝑬 = 	 𝜀%(1 + 	𝜒)𝑬 = 𝜀%𝑬 +	𝜀%𝜒𝑬     (2.5) 
𝑩 =	𝜇%(𝑯 +𝑴) = 	𝜇%(𝑯 + 𝜒&𝑯) = 	𝜇%(1 + 𝜒&)𝑯 = 𝝁𝑯	  (2.6) 
where, 𝑴 is the material magnetization, 𝜇 is the magnetic permeability, 𝜇% is the permeability of free space, 
𝜒 is the electric susceptibility, 𝜒& is the magnetic susceptibility [3].  In linear optics, the induced 
polarization, 𝑷, is linearly proportional to the strength of the applied electric field, 𝑬. At high field intensity 
the polarization induced in the medium is nonlinear with the field and can be expressed in a Taylor series 
expansion as:  
𝑃' =	𝜀%𝜒'(𝐸( + 2𝑑'()𝐸(𝐸) + 4𝜒'()*𝐸(𝐸)𝐸* +⋯    (2.7) 
where 𝑃' 	is the ith component of the instantaneous polarization and 𝐸' is the ith component of the 
instantaneous field, 𝜒'( is the linear susceptibility, while 𝑑'() 	and 𝜒'()* 	are the second order and third order 
nonlinear optical susceptibilities, respectively. Since no physical significance can be attached to the 
interchange of 𝑗 and 𝑘 in the equation above, we replace the subscripts 𝑘𝑗 and 𝑗𝑘 by the numerical indices 
𝑥𝑥	 = 	1, 𝑦𝑦	 = 	2, 𝑧𝑧	 = 	3, 𝑦𝑧	 = 	𝑧𝑦	 = 	4, 𝑥𝑧 = 𝑧𝑥 = 5 and	𝑥𝑦 = 𝑦𝑥 = 6, it allows us to represent the 




























  (2.8) 
Based on the symmetry of the non-linear crystal the above matrix d will have certain class designation. 
The experimental arrangement for generation of entangled photons, discussed in the later chapters, includes 
periodically poled Potassium Titanyl Phosphate (KTP or KTiOPO4), orthorhombic symmetry class mm2-































   (2.9) 
The nonlinear effects that result in the generation of higher harmonics in some applications could be a 
negative attribute.  In our experimental case and in many others microscopy applications, these higher 
harmonics are positive attributes [1, 2]. 
 
2.3 Second Harmonic Generation 
In second harmonic generation (SHG), when an electric field of frequency 𝜔 is incident on a crystal 
with non-zero 𝑑'() a resultant output field of frequency 2𝜔 is produced. The incident radiation has a 
potential for a complete conversion to SHG at optimal experimental conditions [1, 2]. 
 
The Electromagnetic theory describes the SHG in non-magnetic and non-centrosymmetric medium 
where third harmonics are excluded, using Maxwell’s, Ampere’s and Faraday’s equations:  
  𝛁 × 𝑬 = −	 !
!#
(𝜇%𝑯)       (2.10) 
 𝛁 ×𝑯 = 𝑱 + !
!#
(𝜀%𝑬 + 𝑷)     (2.11) 
The polarization P consists of linear and a non-linear term where the second order term dominates.  




𝑷 =	𝜀%𝜒4𝑬 + 𝑷𝑵𝑳       (2.12) 
where  
(𝑃74)' = 2𝑑'()𝐸(𝐸)       (2.13) 
we can rewrite Ampere’s equations: 




𝑷𝑵𝑳      (2.14) 










𝑷𝑵𝑳     (2.15) 




= 0 with propagation along z, moreover we assume 






        (2.16) 
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.
/
𝐸.' 	𝑒'(<"#=)"-) + 𝑐. 𝑐. c − 𝜇%
!!
!#!
d𝑃74(𝑧, 𝑡)f'  (2.17) 
where we limit the consideration to three frequencies 𝜔. = 𝜔0 −𝜔/	and associated fields 𝐸' , 𝐸( , 𝐸) and 










𝑑'()𝐸0(𝐸/)∗ 𝑒='()%=)!=)")-   (2.18) 
Similar process is used to obtain first order equations for 𝐸( and 𝐸). Rewriting the above equation in photon 






















𝐸* , ∆𝑘 = 𝑘0 − (𝑘. + 𝑘/), 𝜅 = 	𝑑'()g
@$<"<!<%
A$E"E!E%
 and 𝛼' = 𝜎'g
@$
A#
. In the SHG the 
frequencies 𝜔. and 𝜔/ are equal	2𝜔. = 𝜔0. We assume the amount of power loss by conversion from 𝜔. 
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= −𝑖𝜅𝐴./𝑒='∆)-            (2.20b) 









	𝜅𝑧_   (2.21) 
As 𝐴.(0)	𝜅𝑧 approaches infinity the 𝐴0(𝑧) approaches 1/√2𝐴.(0), complete conversion of all input 
photons to half as many output photons at twice the frequency is observed. The 𝜂/<%   can be rewritten further 
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    (2.23) 
𝑷𝟐𝝎	is the optical power of the second harmonic and 𝑷𝝎 is the optical power of the pump wave, L is the z-
axis length of the nonlinear medium, 𝑑JKK is the effective nonlinear coefficient, 𝐼< is the intensity of the 
pump, 𝑛< is the refractive index seen by the pump wave and 𝑛/< is the refractive index seen by the second 
harmonic wave [1, 2]. 
 
2.4 Quasi Phase Matching 
In quasi phase matching, a nonlinear crystal is segmented into regions with a coherent length 𝐿L 	long.  
Each segment is rotated 180° about the axis of propagation relative to its neighboring segments. Later in 
this section we show that a polarization cone of entangled photons is also rotated 180° about the axis of 
propagation relative to its neighboring segments. There is an absence of inversion symmetry in this 
approach. The result is a change of sign of all components of the nonlinear susceptibility tensor. We can 











='NM!)* )%=)!=)"O-PMQ=P   (2.24) 
where 𝑐M	are the Fourier coefficients and 𝛬	is the period of 𝑑(𝑧). Phase matching is obtained if for some 
integer m the following condition is satisfied 
𝑚 /R
S
𝑘0 − 𝑘/ − 𝑘.      (2.25) 
Fig.  2-3 Illustration of the quasi-





where the coefficient m is referred to as the order of the quasi-phase matching.  The non-phased-matched 
terms in the equation (2.24) can be ignored as their contributions average to zero over the crystal distance. 
The effective nonlinear coefficient, 𝑑M for the quasi-phase matching interaction is related to the 
conventional effective nonlinear coefficient  by the relationship: 





	𝑓𝑜𝑟	𝑚 ≠ 0     (2.27) 
We can define the  for the periodically poled KTP crystal. The ppKTP crystal utilized in our 
experiment is type II crystal with cut angles	𝜃 = 90ᵒ, 𝜙 = 23.5ᵒ, where propagation vector lies in the x-z 
plane, refer to figure 2-4. The crystal is 10mm long with 10µ period. Introducing unit vectors 
𝑎0'𝑎.(𝑎.) 	simplify the incident wave to crystal coordinate conversion 
𝑑TU*) = ∑ 𝑑'()𝑎0'𝑎/(𝑎.)'()      (2.28) 
In the experimental setup, described in the later chapters, entangled photons are generated in a nonlinear 
crystal with a 405nm CW laser. The polarization of the pump beam is along the y axis, while down-













    (2.29) 
𝑑TU*) = d/0/2/√2cos(𝜙) = d/12/√2cos(𝜙) = 9.857	   (2.30) 









	  (2.31) 
The propagation of the entangled photons in the KTP, type-II, biaxial crystal is further described using 








𝜔/𝜇𝜀+ − 𝑘,/ − 𝑘-/ 𝑘+𝑘, 𝑘+𝑘-
𝑘,𝑘+ 𝜔/𝜇𝜀, − 𝑘+/ − 𝑘-/ 𝑘,𝑘-





O = 0 (2.32) 
For nontrivial solution the determinant of the matrix must vanish. The momentum space for the KTP 
crystal is plotted in the figure 2-4. The points of intersection of the circle and the ellipse define the optic 
axes of the crystal and cut angles. Distance between origin and the point of intersection define length of 
the wave vector. The modes associated with the circle are polarized perpendicular to the z-x plane, where 
the modes associated with the ellipse are polarized in the plane of the ellipse, in our case 𝑎/	and 
𝑎.	respectively. Light propagation in the direction of the optic axes has a unique phase velocity 
regardless of the state of polarization, while the group velocity that defines the flow of the 
electromagnetic energy is undefined. Since the two shells of the normal surface degenerate to a point the 
refraction phenomena associated with the propagation in the direction of the optic axis is closely related 
to the nature of the singularity that is known as conical refraction [1, 4]. The aperture angle of this cone 
in a KTP crystal is 2χ in the z-x plane. 







; 									2χ = 1.72°    (2.33) 
     Each unit vector originating from the vertex of the cone, represents a direction of energy flow along 
a propagation vector and each direction corresponds to a linear polarization state. The direction OA 
represents the energy flow for a y-polarized wave, 𝑎.	and OB represents the energy flow for waves 
polarized in the x-z plane,	𝑎/. The polarization effect of conical refraction possibly degrades the 
detection efficiency of entangled photons. This is discussed in the next chapters. The diameter of the exit 
cone after the 10mm ppKTP crystal is 0.3mm and degenerate entangled photons are emitted in a collinear 
configuration with the pump.  
 
  
Fig.  2-5 Conical refraction and position of the photon on the 
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3. Optical Imaging Techniques Overview and Preliminary Imaging Research 
3.1 Introduction 
Optical imaging is an important tool used arguably in every section of modern society. Medical and 
biological applications are among the first to challenge the optical community with the requirements for 
higher resolution, deeper penetration, and faster imaging [1]. Developments of new imaging techniques 
often drive discoveries in the biological and medical fields [2-6]. Noninvasive, high resolution, live images 
allow for faster diagnosis, better understanding of organism formation, tissue regeneration, cellular 
development, and other key factors. Yet imaging methods often present most difficult problems, high 
scattering, absorption, and dispersion contribute to the low signal to noise ratio (SNR) [7]. Each imaging 
technique concentrate on one problem and target the SNR in the narrow range of the specific operation with 
acceptable image quality and contrast. For example, Optical Coherence Tomography (OCT) has high depth 
of penetration, typically in the range of millimeters with relatively low transverse resolution, one to tens of 
microns, while compound microscopy has high transverse resolution, sub-micron but low tissue penetration 
only few hundred microns. In this chapter we present a brief overview of classical microscopy, confocal 
microscopy, Optical Coherence Tomography (OCT) and Near-field Scanning Optical Microscopy 
(NSOM). We mention several other imaging techniques: Optical Coherence Microscopy (OCM), Raman 
Microscopy (RM), Second and Third Harmonic Generation Microscopy (SHGM and THGM) and outline 
resolution, depth, and limitations of each optical imaging technique. 






submicron Hundred microns Ref. index mismatch 
CLSM submicron Hundred microns Ref. index mismatch 
RM Submicron to micron Hundred microns Raman scattering 
SHGM Submicron to micron Hundred microns Molecular structure 
THGM Submicron to micron Hundred microns Ref. index mismatch 
NSOM Tens of nanometers N/A Topology 
OCM Micron Hundred microns Ref. index mismatch 




3.1 Microscopy and Confocal Microscopy 
The compound microscope was invented in the 15th – 16th century, possibly by Zacharias Janssen. Later 
in early 16th century J. Kepler evolved a treatment of first-order optics for a thin-lens system and introduced 
few modifications to the device [8]. Most of the modern microscope design principles can be traced to the 
original Kepler’s drawings published in Dioptrice. The total magnifying power is a product between 
magnification of an eyepiece and an objective.  
𝐌𝐏 = 𝐌𝐨𝐛𝐣𝐌𝐞𝐲𝐞       (3.1) 
The resolution in the compound microscope is often interpreted as a subjective value, the image may 
appear blurry, yet individual features are still resolvable [9]. There are also optical aberrations, such as 
chromatic and spherical that distort the image.  
Microscopy is the technique that has among the highest transverse resolutions in the far field optical 
imaging spectrum. The depth of imaging is typically very low as scattering of light in the investigated 
sample significantly degrades the image contrast.  
Confocal Microscopy (CM) or Confocal Laser Scanning Microscopy (CLSM) was first introduced by 
Marvin Minsky in 1957. The optical imaging technique employs spatial pinholes at the source and detection 
sides to filter out-of-focus light [10]. CLSM uses a laser source usually paired with a Photomultiplying 
Tube (PMT) and transverse scanning for image acquisition. The technique also offers axial scanning 
capabilities, the depth of the focus plane is moved within the sample using a piezo controller for an A-scan 
(z-direction, depth scan) and 3D imaging [1]. The technique is very useful specifically in applications with 
thick samples where images are blurred due to high scattering of the investigated tissue. The axial scanning 
depth is usually in the range of hundreds of microns.     
 
3.2 Florescence and Raman Microscopy 
Confocal Laser Scanning Microscopy is often paired to Raman and florescence microscopy and is 




lifetime compared to Raman, and the energy exchange is confined to discrete florescence energy levels. In 
Raman microscopy stokes and anti-stokes energy shifts are highly dependent on molecular vibrational states 
and are chemical specific. A molecule vibrational level is unique for each molecule [11] and frequency 
shift, stokes and anti-stokes are distinct signatures of the chemical bonds. Raman microscopy is a very 
popular technique. The magnitude of scattered signal is inherently weak and imaging devices often use 
PMT and scanning techniques for image reconstruction [12], similar to CLSM.  
 
3.3 Second and Third Harmonic Generation Microscopy 
Second and Third Harmonic generation microscopy is based on the non-linear process where two or 
three laser pump photons of lower energy generate one higher energy photon. The SHGM relies on the 
asymmetry of the molecular structure and is primarily used for imaging of collagen, microtubule and 
muscular myosin [1,13-15]. In the previous chapter we discussed classical derivation of the second 
harmonic generation process. The TGHM is mainly used in imaging of the structural cell membranes where 
refractive index mismatch causes non-linear, third harmonic generation [1, 16].  
 
3.4 Near-field Scanning Optical Microscopy 
The Near field Scanning Optical Microscopy is the most common optical microscopy technique with 
transverse resolution higher than the diffraction limit. The aperture (a-NSOM) technique involves a sub-
wavelength aperture (50nm – 150nm) placed within the evanescent field to extract the electromagnetic 
radiation [17]. Maintaining the scanning probe within the evanescent field requires a feedback loop to 
achieve narrow tolerances while minimizing scanning time. Typically, the aperture is located at the tip of 
the scanning probe and the outer surface has metallic coating. The probe is scanned using piezo controllers 
in all three directions. The alternative modality is the scattering (s-NSOM) technique where the tip is 
modeled as a dipole polarized perpendicular to the investigated sample. In this configuration the incident 




The tip of the probe is typically smaller compared to the a-NSOM in the range of 20nm and the scanning 
method closely resembles the Atomic Force Microscope (AFM) [17]. Major drawback of the NSOM 
technique is the reliability of the scanning probe, the tip is highly susceptible to damage. We have recently 
proposed an alternative imaging technique: Differential Near-field Scanning Optical Microscopy 
(DNSOM), that has two major advantages, it eliminates the requirement for a scanning probe and relaxes 
tolerances for proximity scanning by increasing the strength of the evanescent fields using Surface 
Plasmons Polaritons (SSPs). A detailed description of the proposed DNSOM technique with SSPs is 
outlined in [18]. 
 
3.5 Differential Nearfield Scanning Optical Microscopy technique 
The DNSOM technique is presented in [18]. The approach involves scanning a sample in the near-field 
excited by Total Internal Reflection (TIR) and recording the reflected power as a function of position [19-
30]. A deposited thin silver layer on the prism base generates plasmonic resonances, Surface Plasmon 
Polaritons (SPPs), consequently increasing near-field range and relaxing scanning tolerances [31-35]. 
Reflected intensity is collected and processed, using a comparative differentiation technique. Extracted 
information is processed further to eliminate any distortions. The system is not limited by diffraction and 
resolution primarily depends on the characteristics of the photodetector and accurate scanning of the 
sample.  
 
3.6 Optical Coherence Microscopy  
Unlike the NSOM Optical Coherence Microscopy (OCM) operates in the far field region. The 
technique combines the principles of confocal microscopy and Optical Coherence Tomography. OCM 
imaging depth extends to 1mm at 1700nm [36]. OCM imaging is used to visualize in vitro with the time-





3.7 Optical Coherence Tomography 
Optical Coherence Tomography breaches the gap between microscopy and ultrasound imaging 
techniques. Axial depth and resolution extend to 10mm and is determined by the bandwidth of the incident 
light source [1] while maintaining relatively high transverse resolution. The imaging is performed by 
measuring magnitude and a delay of the backscattered light from a sample. The technique is standard in 
ophthalmology, transparency of an eye provides easy access to retina for non-invasive high-resolution 
imaging [7]. OCT is often integrated in a wide range of medical instruments, catheters, endoscopes, 
laparoscopes, and needles using fiberoptic for imaging inside the body with minimal invasive surgery [7]. 
There are two major limitations in OCT, most tissue have high scattering and attenuation that ultimately 
restricts the depth of light penetration. The second limitation is the group velocity dispersion (GVD). The 
depth and resolution are determined by the bandwidth of the incident light source that is proportional to the 
profile of the light pulse. The pulse profile broadens as it propagates through a dispersive medium; the 
larger the bandwidth of the pulse the faster pulse profile degrades. Time sensitive and interferometric 
measurements are susceptible to resolution degradation due to the GVD. 
OCT is a second-order interferometric technique and uses broadband light and heterodyne detection to 
perform axial scanning [38].  The use of broadband light in OCT results in group velocity dispersion (GVD) 
which significantly impact the resolution of the imaging. The photon entanglement reduces GVD and 
increases the axial resolution by a factor of two. The Quantum OCT (QOCT) technique uses two photons 
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4 Synopsis of Quantum Entanglement and Fourth Order Quantum 
Interference 
4.1 Introduction 
Quantum entanglement is a physical phenomenon where the quantum state for two entangled photons 
is described as one joint system. The two particles are separated in space, and both are part of one entangled 
wave packet. For example, a pair of entangled photons generated via spontaneous parametric down 
conversion in a type II non-linear crystal, with one photon measured in a p-polarization state while the 
polarization of the other photon is predetermined as s-polarization. The behavior of these particles might 
seem contradictory, since any measurement on one photon results in the collapse of the entangled wave-
packet and forces the other particle to take the opposite polarization. This phenomenon was first outlined 
in 1935 by Schrödinger, Einstein, Podolsky, and Rosen where they recognized an unintuitive, "spooky" 
phenomenon called by Schrödinger “Verschränkung” (entanglement). This feature implies “the existence 
of global states of a composite system which cannot be written as a product of the states of individual 
subsystems" [1, 2]. The theoretical formulation was based on earlier work by von Neumann, completed in 
1932 and basic elements of nonrelativistic quantum theory, currently known as Koopman–von Neumann 
theory [3] shape modern description of quantum mechanics. Quantum mechanics is the fundamental theory 
that describes the behavior of subatomic particles. Many classical problems can be derived from quantum 
mechanics and often provide an extended view with additional details. Properties of matter and radiation 
such as energy and momentum are described as discreet states, and measurements are limited to a statistical 
uncertainty. Objects in quantum mechanics often have characteristics of both a particle and a wave. 
Experimentally, wave-particle duality can be seen with a two slit experiment, where statistical distribution 




interference effects are observed in multilayered structures, where coincidence rates form statistical 
interference fringes, see figure 4-1.  
 
4.2 Parametric Down-Conversion Classical Approach 
Parametric down-conversion is frequently compared to the inverse of Second Harmonic Generation.  
The process of SHG was outlined in an earlier chapter, where two pump photons interact in a non-linear 
crystal to generate one higher energy photon.  In SPDC, a higher energy photon is split into two lower 
energy photons half the frequency. Photon with frequency 𝜔b splits in the non-linear crystal with second 
Fig.  4-1 Single photon interference effect in multilayered structures, 
where coincidence rates form interference fringes 
Fig.  4-2 Parametric down conversion and 




order non-linear susceptibility, 𝑑'() into two new photons of lower frequencies, 𝜔c and 𝜔'.  These two 
photons are typically referred to as signal and idler photons, respectively, figure 4-2.  
The first theoretical investigation of spontaneous parametric down-conversion in a non-linear crystal 
was outlined by Klyshko (1968) [4].  Harris et al (1967) and Burnham et al (1970) were the first to 
experimentally demonstrate this phenomenon [5].   
Under phase-matched conditions, momentum conservation is preserved, and the wave vector 
relationship is given by: 
 𝑘b = 𝑘c + 𝑘'      (4.1) 
where 𝑘b, 𝑘c and 𝑘' are the wave vectors of the pump, signal and idler photons.  The phase matching 
conditions dictate the conversion efficiency from the pump to the signal and idler photons.  In this case, we 
define: 
 ∆𝑘 = 𝑘b − 𝑘c − 𝑘' ≡ 0     (4.2) 
We first apply classical derivations in attempt to solve the SPDC, a quantum process for the generation 
of entangled photons. The limitation of classical non-linear approach will be evident and the need for a 
quantum description is outlined. 
We attempt to describe SPDC from earlier established classical coupled differential equations (2.19). 
Similar to SHG, we concentrate on the degenerate case where frequencies 𝜔c and 𝜔' 	are equal and 
expressed as	2𝜔c = 𝜔b. We assume the amount of power loss by conversion from 𝜔c to 𝜔' 	is negligible 
and the medium is transparent. The sub-indices of photon energy flux amplitudes correspond to 
polarization. In the described coordinate system, we take 𝐴c	to be real and consider the problem of type I 













The half term is included because of the degeneracy of the 𝜔c and 𝜔'. From the above equations we can 




= −𝑖𝜅𝐴c/𝐴b = 2𝐴b
9C/
9-
    (4.5) 
Combining equations (4.3), (4.4) and (4.5): 
9
9-
d𝐴c/ − 2𝐴b/f = 	0      (4.6) 
Note that for every one photon of 𝐴b there are two 𝐴c photons the pump photon is converted into two lower 
energy photons called signal and idler. The solution to the differential equation above is  
𝐴c/ − 2𝐴b/ = ±g2𝐶 +
C.!
/
     (4.7) 
Applying initial conditions were 𝐴c(0) = 	0	we derive 𝐶 = 2𝐴b1(0), equation above is rewritten   
𝐴c/ − 2𝐴b/ = ±g4𝐴b1(0) +
C.!
/
    (4.8) 
if the photon flux of the incident pump is much larger 𝐴b1(0) ≫
C.!
/
	than the signal or idler, the above formula 
is simplified further: 
𝐴c/ = 2𝐴b/ ± 2𝐴b/(0)      (4.9) 
we substitute equation (4.9) into (4.5), and obtain a differential equation for the pump 
9C/
9-
= −𝑖𝜅	 ]𝐴b/ ± 𝐴b/(0)_     (4.10) 
solutions to the differential equation above are 
𝐴b = 
−𝐴b(0) tan ]𝑖𝐴b(0)(𝐶. + 𝜅𝑧)_ 				𝑓𝑜𝑟					𝐴c/ = 2𝐴b/ + 2𝐴b/(0)	
𝐴b(0) tanh ]𝑖𝐴b(0)(𝐶/ + 𝜅𝑧)_ 					𝑓𝑜𝑟					𝐴c/ = 2𝐴b/ − 2𝐴b/(0)
  (4.11) 
where 𝐴c	photon flux of signal/idler is  
𝐴c/ = 
2𝐴b/(0) ]1 + tan/ ]𝑖𝐴b(0)(𝐶. + 𝜅𝑧)__ 				𝑓𝑜𝑟					𝐴c/ = 2𝐴b/ + 2𝐴b/(0)	
2𝐴b/(0) ]tanh/ ]𝑖𝐴b(0)(𝐶. + 𝜅𝑧)_ − 1_ 					𝑓𝑜𝑟					𝐴c/ = 2𝐴b/ − 2𝐴b/(0)
 (4.12) 
The non-trivial solution with initial conditions for 𝑧 = 0, reveals that there is no power at frequency 




classical treatment “does not allow” spontaneous parametric down-conversion to exist. Similar classical 
limitation using the description of parametric amplification for the derivation of the SPDC process is 
presented in [6]. The limitation of the classical treatment to derive SPDC involves the need of quantum 
description of the phenomenon. 
 
4.3 Quantization of Electromagnetic Field 
To quantize the electromagnetic field we start with the general description of a Hamiltonian in 






𝑚𝜔/𝒒/     (4.13) 
where the position operator q and the momentum operator p obey the usual commutative relation [𝒒, 𝒑] =
𝑖ℏ. The commutator leads to a dimensionless form of the Heisenberg position-momentum uncertainty 
relation 
√∆𝑧/∆𝑝/ ≥ 1/2ℏ      (4.14) 
where ∆𝑧, is standard deviation of position and ∆𝑝 is the standard deviation in momentum. 
It is convenient to replace position and momentum operators with a dimensionless destruction and 
creation operators 𝒂 and 𝒂e, respectively.  
𝒂 = (2𝑚ℏ𝜔)=
"
!	(𝑚𝜔𝒒 + 𝑖𝒑)    (4.15) 
We can now express the Hamiltonian using these operators 
𝑯 = ℏ𝜔 ]𝒂e𝒂 + .
/
_      (4.16) 
Discreet energy eigenvalues follow from the description of the Hamiltonian with a creation and a 
destruction operator 
𝑯𝒂e	|𝑛⟩ = (𝐸E + ℏ𝜔)𝒂e	|𝑛⟩ 	→ 𝑯|𝑛 + 1⟩ = 𝐸Ef.|𝑛 + 1⟩  (4.17) 





𝐸E = ]𝑛 +
.
/
_ℏ𝜔, 𝑛 = 0, 1, 2, …     (4.18) 
The orthonormal eigenstates |𝑛𝒌M¡ are the photon-number states or Flock states of the electromagnetic 
wave with 𝑚 as polarization mode. The total field is written as a product of the individual modes [6]:  
|𝑛𝒌𝟏., 𝑛𝒌𝟏/, 𝑛𝒌𝟐., 𝑛𝒌𝟐/, … ¢ = |𝑛𝒌𝟏.¢ |𝑛𝒌𝟏/¢ |𝑛𝒌𝟐.¢ |𝑛𝒌𝟐/¢…	  (4.19a) 
The classical electric field can be described using definite amplitudes and phases, while in quantum 
mechanics the nature of the light source excludes this possibility. All that can be specified is the statistical 
mixture of the basis states or probabilities that the light field is found in the range of these basis states. 
These statistical distributions are introduced into quantum mechanics by means of the density matrix.  
	|𝑅⟩ = |𝑛𝒌𝟏., 𝑛𝒌𝟏/, 𝑛𝒌𝟐., 𝑛𝒌𝟐/, … ¢    (4.19b) 
R is the linear superposition of the basis states described in (4-19a). Assuming an electromagnetic field 
with known probability 𝑃h, the density matrix is then defined as  
𝝆 = 	∑ 𝑃h|𝑅⟩⟨𝑅|h      (4.20) 
it contains all available information about the field, given that the complete set of R operators is used in the 
description.  
 
4.4 Parametric Down-Conversion Quantum Approach 
A higher energy photon is split into two lower energy photons within the non-linear crystal. The 
Hamiltonian describing the spontaneous parametric down conversion using creation and distraction 




e𝒂b	𝑒='∆𝒌𝒓f'∆<#f  (4.21) 
The first term in the above describes the SHG, two lower energy photons create one higher energy photon 
twice the frequency. And the second term shows the SPDC process, where pump photon is split into two 
lower energy photons of signal and idler.  




|0𝒔, 0𝒊, 𝑁b¡ = |0𝒔¡|0𝒊¡ |𝑁𝒑¢      (4.22) 




7\9#78$ |0𝒔, 0𝒊, 𝑁b¡    (4.23) 
Using Taylor expansion for 𝜓(𝑡) only up to the first normalized order, for the degenerate SPDC case, the 
above equation is rewritten  
|𝜓(𝑡)⟩ = 𝐶%|0𝒔, 0𝒊, 𝑁b¡ + 𝜅	𝐶.	𝑒
='∆𝒌𝒓|1𝒔, 1𝒊, 𝑁b − 1¡  (4.24) 
where 𝐶% and 𝐶. are the coefficients of Taylor expansion. The second part of the equation shows the creation 
of the signal and idler photons in the SPDC process. Experimental detection of the two generated entangled 
photons requires coincidence measurements.  
 
4.5 Entangled Photons in ppKTP Crystal 
The quantum mechanical description of SPDC fits well with the experimental observations. There is 
clear requirement for phase matching conditions. In the type II nonlinear crystal, generated photons are 
orthogonal in polarization. One of the entangled photons is p-polarized and the other is s-polarized. The 
description of the ppKTP crystal for quasi-phase matching in quantum approach is identical to classical. 
Each segment is rotated 180° about the axis of propagation relative to its neighboring segments. A 
polarization cone of entangled photons is also rotated 180° about the axis of propagation relative to its 
neighboring segments. The inverted cone is overlaid on the previous, and photons of orthogonal 
polarizations generated in neighboring segments are superimposed. The polarization of the photons in this 
superposition state is expressed as  
|𝜓⟩ = |𝐻⟩c|𝑉⟩' + |𝐻⟩'|𝑉⟩c      (4.25) 
Practically, entangled photons from the ppKTP crystal can be separated by polarization. Figure 4-3 
shows an experimental setup. The two cones are first separated by polarization and later recombined and 




figure 4-4. The two beams appear different in size. The difference is attributed to the increased length of 
propagation for the s-polarized photons and to the aperture angle of the exit cone.  
The brightness of single counts was measured at 50k count/s/nm/mW for both p and s polarized 
photons. The visibility of p-polarized photons was measured to be 99.16% while visibility of the s-photons 
was measured to be   99.08%. The 0.08% difference we attribute to experimental noise.  
In the entangled state the superposition of the two photons is said to extinguish prior knowledge of the 
photon origination before the measurement. Two entangled photons are described as one joint system, even 
if the two particles are separated in space. Further the behavior of entangled photons in the interferometer 
is very different from classical, the fourth-order interferometric technique is described in the next section.   
 
4.6 Fourth Order Quantum Interference 
Burnham and Weinberg (1970) were among the first to investigate the concept of the coincident 
detection of entangled photons [5]. They realized that the measurement of the time correlation between the 
SPDC photons is most likely limited by the time resolution of the detectors. The intrinsic value of the time 
Fig.  4-3 Setup to image entangled photon cones 




correlation of the entangled photons is determined by the reciprocal bandwidth of the down-converted light 
and is typically in the picosecond to sub-picosecond range. Therefore, direct measurement of the true 
correlation time of the signal/idler photons was technology limited. Hong et al. pursued a quest to determine 
the correlation time for the down-converted photons, and in 1987 developed a fourth order quantum 
interference technique [8]. 
The experimental setup for Quantum Interferometry used in this thesis, similar to the one used in [8], 
is shown in figure 4-5. A continuous wavelength, single longitudinal mode laser diode with a center 
wavelength at 405nm is focused into periodically pole KTiOPO4 (ppKTP), type II crystal, [9,10]. Entangled 
photons generated via SPDC are centered at 810nm. The crystal is placed in a temperature-controlled 
chamber that maintains the crystal temperature to enable quasi-phase matching and to maximize the down-
conversion efficiency. Entangled photon-pairs have orthogonal polarization and are emitted in a collinear 
configuration with the pump, [11]. A dichroic mirror (DM) transmits SPDC photons and reflects the pump 
photons. At the first polarizing beam splitter (PBS), the down-converted entangled photon-pairs are 
separated by polarization into the two arms of a Mach Zehnder interferometer.  
The p-polarized photons are directed into a delay arm, where they are transmitted through a polarizing 
beam splitter (PBS), followed by a broadband quarter wave plate (QWP).  The QWP converts the 




polarization of the photons from linear to circular. These photons are then reflected from a moveable delay 
mirror (M3), back through the QWP, changing photon polarization back from circular to linear, s-
polarization. The mirror (M3) is moved in the z direction during the experiment to match path length of the 
sample arm (discussed in the next paragraph), preserving indistinguishability and insuring interference of 
entangled photons. The s-polarized photons are reflected from the PBS and coupled into a single mode, 
non-polarizing 50:50 fiber optic splitter.  
The sample arm photons are reflected from the first PBS and directed towards a third PBS through a 
broadband half wave plate (HWP), that converts s-polarized photons into p-polarized. The PBS transmits 
entangled photons towards a mirror (M4). The QWP converts the polarization of the photons into circularly 
polarized and they are reflected by the mirror (M4) towards the PBS. The PBS redirects photons into a 
single mode, non-polarizing 50:50 fiber optic splitter. The photons from the delay and sample arms are 
recombined in the fiber optic splitter. The delay arm mirror (M3) is moved in the z direction to match the 
path length of the sample arm. When entangled photons between the two arms are indistinguishable in 
propagation, path and polarization, quantum interference is observed using a coincidence circuit. Two 
single photon counting modules along with the coincidence circuit (denoted ⊗) measure the coincidence 
rate of the entangled photons.  
The signal photons travel 𝑐𝜏. from the non-linear crystal to the final beam splitter and an idler photons 
travel	𝑐𝜏/, the joint probability for detecting a pair of coincident photons at detectors one and two 
is	𝑃./(𝑡, 𝑡 + 𝜏). Equations (4.19) is used to describe signal and idler photons. The coincident probability is 
determined from the state of the photon field |𝜓qU#⟩ after the beam splitter: 
|𝜓qU#⟩ = (𝑅 − 𝑇)¬1j" , 1j/¡ + 𝑖√2𝑅𝑇¬2j" , 0j/¡ + 𝑖√2𝑅𝑇¬0j" , 2j/¡  (4.26) 
The T and R are the transmissivity and reflectivity of the final beam splitter, respectively. It follows that for 
the 50%:50% beam splitter the first term is zero by virtue of the destructive interference. The next two 
terms in the equation correspond to two-photon probability amplitude, called photon bunching. The signal 




The probability of measuring coincidence, where signal and idler photons are split and incident on the 
individual detectors separately is zero. The coincidence probability is defined as 
𝑃./(𝜏) = 𝐾⟨𝐸j.(𝑡)𝐸j/(𝑡 + 𝜏)|𝐸j.(𝑡)𝐸j/(𝑡 + 𝜏)⟩                                 (4.27) 
where K is the constant characteristic of the detectors. The fields 𝐸j.	and 𝐸j/ relate to the idler and signal 
fields  
|𝐸j.(𝑡)⟩ = √𝑇|𝐸'(𝑡)⟩ + 𝑖√𝑅|𝐸c(𝑡 + ∆𝜏)⟩    (4.28) 
|𝐸j/(𝑡)⟩ = √𝑇|𝐸c(𝑡)⟩ + 𝑖√𝑅|𝐸'(𝑡 − ∆𝜏)⟩    (4.29) 
Combining the equation (4.27) – (4.29) we show the probability for detecting a pair of coincidence photons 
𝑃./(𝜏) = 𝐾|𝐺(0)|/d𝑇/|𝑔(𝜏)|/ + 𝑅/|𝑔(2∆𝜏 − 𝜏)|/ − 𝑅𝑇(𝑔∗(𝜏)𝑔(2∆𝜏 − 𝜏) + 𝑐. 𝑐. )f (4.30) 
where 𝐺(𝜏)is the Fourier transform of the weight function with respect to 𝜔	that accounts for the 
dichromatic down-shift of the photons. Integrating equation (4.30) over 𝜏	with a normalized Gaussian 
autocorrelation function outlines the relationship of coincidence counts and a propagation delay, [26].  
𝑁L ∝ (𝑇/ + 𝑅/) ±1 −
/hr
r!fh!
𝑒(=∆<st)!²    (4.31) 
The bandwidth of the autocorrelation is ∆𝜔 and the 𝑐∆𝜏 is the increment step size of the motorized 
stage that drives the (M3) mirror. The second term in the squared parenthesis equates to unity with equal 
propagation of the signal and idler photons	(𝛿𝜏 =0), and with a balanced (T=R) beam splitter [26]. The 
indistinguishability of the photons results in a fourth order quantum interference and the number of 
observed coincidences drops to zero. The fourth order interference plot of the coincidence counts outlining 
this phenomenon is shown in figure 4-6. The blue line corresponds to the measured coincidences and black 
to the theoretical prediction, equation (4.31). Experimental results are in a very good agreement with 
theoretical expectations. The coincidence minimum falls short of complete interference and is attributed to 
experimental noise and imperfect fiber beam splitter, both are factored into equation (4.31) to plot the black 
curve in the figure 4-6. The x axis of the plot corresponds to 𝑐∆𝜏, the increment step size of the motorized 
stage and the y axis to the normalized coincidence counts. The scanning resolution of the optical path length 




identical. The minimum has 90.6% visibility and is in a good agreement with the fourth order quantum 
interference. These measurements estimate the length of the entangled wave packet is 300𝜇m. The 
Heisenberg uncertainty principle is derived using equation (4.14) for the entangled wave packet.  
√∆𝑧/∆𝑝/ ≥ 1/2ℏ      (4.32) 
√∆𝜏/√∆𝐸/ ≥ 1/2ℏ      (4.33) 
where 𝑝 = 	ℏ𝑘	and 𝐸 = ℏ𝜔, wave packet bandwidth ∆𝜔 = 0.7𝑛𝑚, wave packet time ∆𝜏 = 833𝑓𝑠, wave 
packet length FWHM ∆𝑧 = 300𝜇𝑚 and wave packet momentum ∆𝑘 = 6.7𝑘𝑚=.. The uncertainty principle 
is the consequence of the statistical interpretation of quantum system and coincides with the theoretical 
expectations [7, 12].  
∆𝑧∆𝑘 = 1.6759 ≥ 1/2      (4.34) 
∆𝜏∆𝜔 = 1.6759 ≥ 1/2      (4.35) 




The measured brightness of the coincidence count rate is 2k counts/s/nm/mW.  We note that the 
“coincidences” typically consist of “true coincidences” and “accidental coincidences”. Figure 4-7 shows an 
experimental coincidence curve with a peak ratio of 200:1. The coincidence window is set to 4ns to capture 
all true coincidences and exclude accidental. The peak value constitutes the true coincidences and is 200 
times higher compared to the accidental. The signal to noise (SNR) between true and accidental 
coincidences is 40dB.   
In the next chapter we present the experimental imaging implementation of polarization sensitive 
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5 Quantum Optical Coherence Tomography 
5.1 Introduction 
Quantum optical coherence tomography (QOCT) is a fourth-order interferometric technique that uses 
quantum-entangled photons. Entangled photons are generated via spontaneous parametric down-conversion 
in a nonlinear crystal.  In contrast, Optical Coherent Tomography (classical OCT), is a second-order 
interferometric technique and uses broadband light with heterodyne detection to perform axial scanning [1-
4].  The use of broadband light in OCT results in group velocity dispersion (GVD). Time sensitive and 
interferometric measurements are susceptible to resolution degradation due to GVD. The profile of the light 
pulse broadens as it propagates through a dispersive medium and the larger the bandwidth of the pulse the 
faster the pulse profile degrades. Quantum entanglement reduces GVD in QOCT and increases the axial 
resolution by at least a factor of two. The QOCT technique uses two photons for imaging versus one photon 
in classical OCT.  
 
5.2 Description of GVD in QOCT 
Photon entanglement reduces GVD in QOCT and increases the axial resolution by at least a factor of 
two [1-4]. In this section we present an overview of the quantum mechanical description outlining the 
reduction of GVD [5]. In chapter four, we introduced the conservation of momentum for the phase-matched 
conditions in the SPCD and the wave vector relationship: 
 𝑘b = 𝑘c + 𝑘'       (5.1) 
The wave packet bandwidth for the narrowband CW 405nm laser and ppKTP crystal, ∆𝜔 was estimated to 
be 0.7nm from experimental measurements. We now express the state of the entangled field emitted by the 
crystal as 




the 𝑓(𝜔u) is the function describing the wave packet profile. The profile of the light pulse, or wave packet 
broadens as it propagates through a dispersive medium, and the dispersion can be expressed using a Taylor 
series about 𝜔c 
𝑘c(𝜔) = 	𝑘c + 𝛼(𝜔 − 𝜔c) + 𝛽(𝜔 − 𝜔c)/ +⋯    (5.3) 
Considering only the first few orders that contribute to the wave packet broadening, the group velocity is 
then written as 
𝑣v(𝜔) ≅ 	1/𝛼 − 2𝛽(𝜔 − 𝜔c)/𝛼/ +⋯     (5.4) 
We apply a similar quantum mechanical explanation to describe the coincidence probability and the GVD 
effect. The description of the photon bunching effect of signal and idler beams at the last beam splitter now 
includes the GVD introduced by the sample of thickness d placed on a microscope slide against the mirror 
(M4), figure 5-1(a). The fields 𝐸j.	and 𝐸j/, (see chapter four, equations 4.28 and 4.29) are expressed using 
the creation and annihilation operators  
𝑎.(𝜔.) = √𝑇𝑎'(𝜔.)𝑒'<"∆t/L + 𝑖√𝑅𝑎c(𝜔.)𝑒')(<")9    (5.5) 
𝑎/(𝜔/) = √𝑇𝑎c(𝜔/)𝑒'(<!)9 + 𝑖√𝑅𝑎'(𝜔/)𝑒'<!∆t/L    (5.6) 
The coincidence probability is then defined as 
𝑃./ = 𝐾 ∫𝑑𝜔. ∫𝑑𝜔/¹𝝍¬𝑎.
e(𝜔.)𝑎/
e(𝜔/)𝑎.(𝜔.)𝑎/(𝜔/)	¬𝝍¡   (5.7) 
Substituting operators of equations (5.5) and (5.6) and evaluating the term within the integral: 
¹𝝍¬𝑎.
e(𝜔.)𝑎/






























In the last step, the expansion of the absolute square term effectively eliminates 𝛽, the term responsible for 
the GVD. We now re-write the coincidence probability 
𝑃./ = 𝐾 ∫𝑑𝜔u |𝑓(𝜔u)|/ ±1 − cos b2𝜔u ]
∆t
L
− 𝛼𝑑_c²    (5.9) 
The fourth-order quantum interference profile is only a function of the 𝑓(𝜔u) and resembles the coherent 
interference of entangled photons right after the crystal. The group velocity 𝑣v(𝜔) = 1/𝛼. The generalized 
case shows that GVD components with odd power in the Taylor expansion, (equation 5.3) are eliminated 
and those with even power persist [5].  
The first reported imaging experiment, using the QOCT technique, of a biological sample was by M. 
B. Nasr et al. [6]. The authors describe a combined resolution improvement of up to a factor of five for 
QOCT over OCT. However, the reported technique used Type-I crystal to generate entangled photons and 
was polarization insensitive.  To our knowledge, the first experimental attempt to use polarization-sensitive 
QOCT (PS-QOCT) to analyze a reflective sample was reported in [7, 8]. However, the authors did not 
report measurements and/or images. We present in this chapter, for the first time, a full set of polarization 
sensitive measurements in a birefringent sample. In the next section, we present our work on PS-QOCT 
imaging, in which the coincidence count rate is not only sensitive to frequency, but also to the polarization 
of the photons [9]. Polarization-sensitive interference measurement enables the detection of localized 
birefringence.  
 
5.3 Birefringence and Scattering Characterization using PS-QOCT  
5.3.1 PS-QOCT Introduction  
Polarization sensitive quantum optical coherence tomography (PS-QOCT) is a fourth-order 
interferometric technique that uses quantum-entangled photons, generated in a type-II crystal via 
spontaneous parametric down-conversion [7,8].  PS-QOCT reduces dispersion and enhances the resolution 
capability that is present in classical OCT [1-4]. The technique provides both axial and transverse optical 




birefringence and optical path length differences were discussed in [8,10]. The techniques described in this 
work add imaging capabilities [6] and can be used to characterize a variety of structures and materials. 
Photon-pairs undergo fourth order interference in a Mach Zehnder interferometer and after interaction with 
the sample reveal birefringence fluctuations and optical path length differences. The birefringent material 
changes the polarization of the entangled photons and the degree of change is measured by adjusting two 
waveplates while measuring the coincidence rate of the entangled photons. The coincidence rate is recorded 
for each pixel and the 2D cross-sectional images are reconstructed. Two variations of a PS-QOCT 
experimental setups are used in this work. The initial set up uses coincidence rate measurements, axial (z 
direction) and transverse plane scanning (x and y directions) for imaging. A modification of the set-up is 
used to characterize birefringence and scattering/absorption of a 3M Scotch tape on a glass slide. Our results 
show that the PS-QOCT imaging technique can be used to identify and characterize scattering/absorption 
and birefringence. 
 
5.3.2 Experimental Setup 
The experimental setup for PS-QOCT imaging is shown in figure 5-1(a). A continuous wavelength, 
single longitudinal mode laser diode with a center wavelength at 405nm is focused into PP-KTP 
(KTiOPO4), type II crystal [11,12]. Entangled photons generated via spontaneous parametric down 
conversion (SPDC) are centered at 810nm. The crystal is placed in a temperature-controlled chamber that 
maintains the crystal temperature to enable quasi-phase matching and to maximize the down-conversion 
efficiency. Entangled photon-pairs have orthogonal polarization and are emitted in a collinear configuration 
with the pump [13]. A dichroic mirror (DM) transmits SPDC photons and reflects the pump photons. At 
the first polarizing beam splitter (PBS), the down-converted entangled photon-pairs are separated by 












The horizontally polarized photons are directed into a delay arm, where they are transmitted through a 
polarizing beam splitter (PBS), followed by a broadband quarter wave plate (QWP).  The QWP converts 
the polarization of the photons from linear to circular. These photons are then reflected from a moveable 
delay mirror (M3), back through the QWP, changing photon polarization back from circular to linear 
(vertical) polarization. The mirror (M3) is moved in the z direction during the experiment to match path 
length of the sample arm (discussed in the next paragraph), preserving indistinguishability and insuring 
interference of entangled photons. Vertically polarized photons are reflected from the PBS and coupled into 
a single mode, non-polarizing 50:50 fiber optic splitter.  
The sample arm photons are reflected from the first PBS and directed towards a non-polarizing beam 
splitter (NPBS) through a broadband half wave plate (HWP), that converts vertically polarized photons into 
horizontally polarized. The NPBS has a 50:50 reflection/transmission ratio and transmits half of the 
entangled photons towards a mirror (M4). The sample is placed on a microscope slide against the mirror 
(M4) for transverse plane scanning (x and y directions). The QWP converts the polarization of the photons 
into circularly polarized photons, followed by a 20mm focusing lens. Photons propagate through the sample 
and are reflected by the mirror (M4). The sample and mirror combination reflect photons towards the NPBS 
where they couple into a single mode, non-polarizing 50:50 fiber optic splitter. The photons from the delay 
and sample arms are recombined in the fiber optic splitter. The delay arm mirror (M3) is moved in the z 
direction to match the path length of the sample arm. When entangled photons between the two arms are 
indistinguishable in propagation path and polarization, quantum interference is observed using a 
coincidence circuit. Two single photon counting modules along with the coincidence circuit (denoted ⊗) 
measure the coincidence rate of entangled photons.  
The modified experimental setup used to characterize the birefringence is shown in figure 5-1(b). The 
non-polarizing 50:50 fiber optic splitter is replaced with a PBS in the Mach Zehnder interferometer. 
Vertically polarized photons in the delay arm are reflected from the last PBS and coupled into the right 




Entangled photons in the sample arm are reflected by the (M4) mirror. A non-polarizing beam splitter 
reflects photons through added QWP and HWP towards the last PBS. Any birefringent material on the glass 
slide would change the polarization of the entangled photons in the sample arm. The degree of change in 
polarization of the entangled photons can be measured by adjusting the two waveplates (QWP and HWP) 
while measuring the coincidence rate of the entangled photons. 
 
5.3.3 PS-QOCT birefringence imaging 
Quantum interference, for a z direction scan, is plotted in figure 5-2 for photons incident on a glass 
slide (black curve), and for a transparent 3M Scotch tape on a standard microscope slide (red curve). The 
FWHM of the interference dips is ~300	𝜇𝑚. The relatively large value is partly a reflection of the high 
coherence of the laser pump, [14,15]. The interference minimum for photons that are propagating only 
Fig.  5-2 Quantum interference axial plot of glass (black curve) and tape (red 





through the microscope glass slide is observed at 0.33mm, while for the tape/glass the minimum is at 
0.42mm. The optical path length difference, shift of the minima, corresponds to double the tape thickness 
~45𝜇𝑚. The interference minimum of the coincidence count rate for photons propagating through the glass 
slide is 80 counts per second, while 170 counts for the tape. 3M scotch tape is birefringent and ~34% of 
entangled photons change polarization as they propagate through the tape. These photons are no longer 
indistinguishable by polarization in the fiber splitter and the quantum interference effect is reduced. A 
photographic image of the tape is shown in figure 5-3(a) and the same section of the tape between two cross 
polarizers is shown in figure 5-3(b). Figure 5-3(c) shows a 2D image of coincidence count rate at the glass 
minimum coincidence count at 0.33mm along z direction. The 2D cross-sectional images along the axial 
propagation at five different points are shown in figures 5-3 (d) – (h), these images are normalized to cross-
sectional image outside the interference dip, at 0.98mm [6]. Figures 5-3(c) – (h) are the results of scans 





Fig.  5-3 (a) –3M scotch tape, (b) tape between cross-polarizers, (c) Interferometric image of 
coincidence counts, (d) normalized PS-QOCT image at 0.03mm, (e) normalized PS-QOCT image at 
0.13mm, (f) normalized PS-QOCT image at 0.23mm, (g) normalized PS-QOCT image at 0.33mm – 






5.3.4 Birefringence and scattering characterization 
2D polarization images of the 3M Scotch tape are shown in figures 5-4(a) – (h). Figures 5-4(a) – (h) 
are scans with 10	𝜇𝑚 resolution and coincidence count rates were recorded for each pixel. For images 5-
4(a) - (d) the HWP was set at 0 degrees with respect to the fast axis and both signal and delay arms had the 
same polarization and for images 5-4(e) – (h) the half wave plate was set at 45 degrees, signal and delay 
arms were cross polarized. The QWP was rotated 0 degree for images 5-4(a) and 5-4(e), 20 degrees for 
images 5-4(b) and 5-4(f), 30 degrees for images 5-4(c) and 5-4(g), 45 degrees for images 5-4(d) and 5-4(h).  
When the HWP, before last PBS is rotated at 45 degrees around the fast axis in the sample arm, 
vertically polarized photons are converted into horizontally polarized photons. For horizontally polarized 
photons in the sample arm low coincidence rate is observed if photons in the delay arm are vertically 
polarized and there is no birefringent material on the glass slide, as evident from the blue section of image 
5-4(e). While maximum coincidence rate is observed, in the same section of the glass slide, when both 
sample and delay arm photons are vertically polarized (red section of image 5-4(a)).  
The effect of the tape birefringence on the coincidence count can be modulated by changing the position 
of the last QWP in the sample arm relative to the fast axis. For example, higher coincidence rates are 
measured in areas where photons propagate through the tape for the combination of HWP – 0 and QWP – 
45 (image 5-4(d)); while low coincidence rates are measured for the combination of HWP – 45 and QWP 
– 45, image 5-4(h).  
The split ratio between p and s polarizations of the sample arm, shown in figures 5-4(a) and 5-4(e), 
describe the birefringence of the tape, as mentioned earlier.  While combination of coincidence rates from 
these two figures in principle add to the total systems coincidence rate. Deviations from the total rate, yield 
the scattering and absorption map shown in figure 5-5 [16]. Dark areas in the figure, represent sections with 
high scattering or absorption, tape edges, trapped bubbles, etc. Light areas represent high propagation with 






Fig.  5-4 Coincidence counts for HWP and QWP combinations, (a) HWP – 0 deg, QWP – 0 deg, (b) HWP 
– 0 deg, QWP – 20 deg, (c) HWP – 0 deg, QWP – 30 deg, (d) HWP – 0 deg, QWP – 45 deg, (e) HWP – 45 
deg, QWP – 0 deg, (f) HWP – 45 deg, QWP – 20 deg, (g) HWP – 45 deg, QWP – 30 deg, (h) HWP – 45 







In this chapter we present the first experimental technique of PS-QOCT imaging and characterization 
of a birefringent material. High resolution and well-defined birefringence of the 3M tape is shown in images 
5-3(c) – (g) along with the path length differences.  Birefringence characterization presented in images 5-
4(a) – (h) and scattering profile in figure 5-5. The technique described in this work has many potential 
applications in the characterization of micro and nano structures, including biological samples. 
In the next chapter, we present the first experimental imaging and characterization of a birefringent 
material using entangled qubits. The density matrix of entangled photons for each pixel is calculated from 
measured coincident rate projected onto a set of sixteen operators. Images of concurrence and entanglement 
are reconstructed from the density matrix. These images reflect the degree of entanglement between two 
qubits for each pixel and are a measure of the level of birefringence. Birefringence is characterized by using 
entanglement level between two qubits to measure and reconstruct images. The results highlight the 
experimental noise reduction achieved by using numerical optimization techniques and overall image 
enhancement. 
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6 Polarization Sensitive Imaging with qubits 
6.1 Quantum State Tomography (QST) enhanced by inverse numerical 
optimization 
Reconstruction of quantum states and quantum state tomography are of increasing importance in 
quantum information science. QST has been used to describe entanglement of trapped ions [1] and photons. 
The technique extracts information about the quantum state of a system. Inverse techniques offer significant 
improvement over the quantum tomography direct approach [2-11]. Yet very little work was done to 
experimentally demonstrate image enhancement and the superiority of the inverse techniques. In this work 
we compare images of birefringent sample obtained from the reconstructed density matrix of entangled 
states between two techniques, direct quantum state tomography and QST enhanced by inverse numerical 
optimization. Both are linearly related to a set of measured coincident rates [2-11]. A number of algorithms 
have been proposed for inverse numerical optimization with claims of faster convergence times [12 -15]. 
The performance and image enhancement of these algorithms is yet to be tested. In this work, we show that 
scanned images can be reconstructed from the levels of entanglement and concurrence measured for each 
pixel and that the changes in the level of entanglement between two qubits describe localized birefringence 
in the reconstructed image. The density matrix obtained via inverse numerical optimization techniques, 
reduces experimental noise, and provides a positive, semidefinite unit trace matrix [14-16]. This technique 
improves overall image quality and detail resolution. The technique described in this work has many 
potential applications in the characterization of micro and nano structures, including biological samples. 
 
6.2 QST and Inverse Numerical Optimization Overview 
     In chapter four we introduced the concept of quantization of the electromagnetic field and in this section, 
we expand its description to QST. The classical electromagnetic field can be described using definite 




All that can be specified is the statistical mixture of the basis states or probabilities that the light field is 
found in the range of these basis states. These statistical distributions are introduced into quantum 
mechanics by means of the density matrix. The density matrix is then defined as (equation 4.2) 
𝝆 = 	∑ 𝑝E|𝜓E⟩⟨𝜓E|E       (6.1) 
it contains all available information about the field, as long as a complete set of 𝜓 operators is used and the 
probabilities  𝑝E are known. The projection operator 𝜓 is set using Stokes paraments, 𝐴E = |𝜓E⟩⟨𝜓E|, 
where 𝐴% = |𝐻⟩⟨𝐻| + |𝑉⟩⟨𝑉|, 𝐴. = |𝐻⟩⟨𝐻|, 𝐴/ = |𝑅⟩⟨𝑅| and 𝐴0 = |𝐷⟩⟨𝐷|. The |𝐻⟩ represents p-
polarized qubits, |𝑉⟩ represents s-polarized qubits, |𝑅⟩ linear diagonal (45 deg.) and |𝐷⟩ right circular 
polarization. A combination of QWP and HWP plates before the last PBS are used to set the projection 
operators for sample and idler arms independently, figure 6-1. 
 |𝜓E⟩ = |𝜓E(𝑄𝑊𝑃c, 𝐻𝑊𝑃c)⟩	|𝜓E(𝑄𝑊𝑃' , 𝐻𝑊𝑃')⟩                              (6.2) 
= 𝑎(𝑄𝑊𝑃c, 𝐻𝑊𝑃c)𝑎(𝑄𝑊𝑃' , 𝐻𝑊𝑃')|𝐻𝐻⟩      
+	𝑎(𝑄𝑊𝑃c, 𝐻𝑊𝑃c)𝑏(𝑄𝑊𝑃' , 𝐻𝑊𝑃')|𝐻𝑉⟩      
+	𝑏(𝑄𝑊𝑃c, 𝐻𝑊𝑃c)𝑎(𝑄𝑊𝑃' , 𝐻𝑊𝑃')|𝑉𝐻⟩      
+	𝑏(𝑄𝑊𝑃c, 𝐻𝑊𝑃c)𝑏(𝑄𝑊𝑃' , 𝐻𝑊𝑃')|𝑉𝑉⟩      
The subscript n denotes a particular set of the waveplate combination and defines a projection operator. 
The functions a and b are defined as:  
𝑎(𝑄𝑊𝑃,𝐻𝑊𝑃) = .
√/
]sin(2	𝐻𝑊𝑃) − 𝑖𝑐𝑜𝑠d2(𝐻𝑊𝑃 − 𝑄𝑊𝑃)f_  (6.3a) 
𝑏(𝑄𝑊𝑃,𝐻𝑊𝑃) = .
√/
]cos(2	𝐻𝑊𝑃) + 𝑖𝑐𝑜𝑠d2(𝐻𝑊𝑃 − 𝑄𝑊𝑃)f_  (6.3b) 
Quantum state tomography is a technique that reconstructs density matrix 𝝆 through multiple 
measurements of relevant quantum states. The measured probability 𝑝E for projection operator 𝜓E is given 
by 
𝑝E = ⟨𝜓E|𝝆|𝜓E⟩       (6.4) 
The coincidence counts relate to the measured probability  




Where K is the constant characteristic of the detectors and pump intensity. The QST density matrix from 
the coincidence rates of the entangled photons projected on to a set of sixteen polarization states follows 
𝝆 = ∑ 𝑀E𝑝E.3EQ.       (6.6) 
where matrices 𝑀E are determined from the projection operators and are listed in the appendix.  











Concurrence and entanglement levels follow from the density matrix 
𝐶 = 𝑚𝑎𝑥 Æ0,			 ∑ 𝑠𝑔𝑛 ]0
/
− 𝑎_𝑟|1|Q. Ç    (6.7) 
where C is the concurrence and 𝑟| is the eigen values of the matrix Z defined by 











O      (6.9) 
The entanglement E is defined by the equation 
𝐸 = −b.f√.=k
!
/ c log/ b
.f√.=k!
/ c − ¾1 − b
.f√.=k!
/ c¿ log/ ¾1 − b
.f√.=k!
/ c¿ (6.10) 
n Projection 
Operator |𝜓E⟩ 
𝐻𝑊𝑃c 𝑄𝑊𝑃c 𝐻𝑊𝑃' 𝑄𝑊𝑃' 
1 |𝐻𝐻⟩ 45º 0º 45 º 0º 
2 |𝐻𝑉⟩ 45º 0º 0º 0º 
3 |𝑉𝑉⟩ 0º 0º 0º 0º 
4 |𝑉𝐻⟩ 0º 0º 45º 0º 
5 |𝑅𝐻⟩ 22.5º 0º 45º 0º 
6 |𝑅𝑉⟩ 22.5º 0º 0º 0º 
7 |𝐷𝑉⟩ 22.5º 45º 0º 0º 
8 |𝐷𝐻⟩ 22.5º 45º 45º 0º 
9 |𝐷𝑅⟩ 22.5º 45º 22.5º 0º 
10 |𝐷𝐷⟩ 22.5º 45º 22.5º 45º 
11 |𝑅𝐷⟩ 22.5º 0º 22.5º 45º 
12 |𝐻𝐷⟩ 45º 0º 22.5º 45º 
13 |𝑉𝐷⟩ 0º 0º 22.5º 45º 
14 |𝑉𝐿⟩ 0º 0º 22.5º 90º 
15 |𝐻𝐿⟩ 45º 0º 22.5º 90º 




The density matrix 𝝆 of a quantum state must be Hermitian, positive and semidefinite with unit trace. The 
tomographically reconstructed density matrix, equation (6.6), fails to be positive and semidefinite. 
Numerical inverse optimization technique addresses this problem [2-11]. Equation (6.4) is rewritten to 
incorporate the experimental noise with Gaussian probability distribution and combined probability of the 
set of sixteen measurements is  




¿.3EQ. ≤ 1    (6.11) 
The standard deviation is approximated by ⟨𝜓E|𝝆|𝜓E⟩. We apply natural logarithm to both sides of the 
equation	and inverse optimization problem is reduced to finding the minimum of the following  




EQ.     (6.12) 








𝑡2 + 𝑖𝑡3 												𝑡/
			0 										0
			0 										0
𝑡.. + 𝑖𝑡./ 𝑡Z + 𝑖𝑡
𝑡.2 + 𝑖𝑡.3 𝑡.0 + 𝑖𝑡.1
𝑡0 0
𝑡 + 𝑖𝑡.% 𝑡1
    (6.14) 
Reconstruction of concurrence and entanglement images are computed for each pixel and follow from 
equation (6.7) and (6.10), respectively. 
In this work, two-level quantum entangled photons are generated in a type-II crystal via spontaneous 
parametric down-conversion (SPDC) [17,18]. One of the entangled photons interacts with the birefringent 
sample. The birefringent material changes the polarization of the photon. These changes translate into a 
reduction of the coincidence rate of the entangled photons projected on to a set of sixteen polarization states. 
Subsequently, these variations transform the density matrix and the levels of concurrence and entanglement. 
The concurrence and entanglement levels are recorded for each pixel and images of the sample (3M scotch 





6.3 Experimental Setup 
The experimental setup is shown in Fig. 5-1. A continuous wavelength, single longitudinal mode laser 
diode with a center wavelength at 405nm is focused into periodically poled KTiOPO4 (ppKTP), type II 
crystal [17,18]. Entangled photons generated via SPDC are centered at 810nm. The crystal is placed in a 
temperature-controlled chamber that maintains the crystal temperature to enable quasi-phase matching and 
to maximize the down-conversion efficiency. Entangled photon-pairs have orthogonal polarization and are 
emitted in a collinear configuration with the pump [17,19]. A dichroic mirror (DM) transmits SPDC photons 
and reflects the pump photons. At the first polarizing beam splitter (PBS), the down-converted entangled 
photon-pairs are separated by polarization into the two arms of a Mach Zehnder interferometer. 
The p-polarized photons are directed into an idler arm, where they are transmitted through a polarizing 
beam splitter (PBS), followed by a broadband quarter wave plate (QWP).  The QWP converts the 
polarization of the photons from linear to circular. These photons are then reflected from a mirror (M3), 





back through the QWP, changing the photon polarization back from circular to linear, s-polarization. 
Polarized photons are reflected from the PBS through a QWP and a HWP that set the projection state 
operator of idler beam towards last PBS. The last PBS transmits p-polarized photons towards the left Single 
Photon Counting Module (SPCM) and reflects s-polarized photons towards the right SPCM module. 
The photons reflected by the first PBS are the sample arm photons and are directed towards a non-
polarizing beam splitter (NPBS) through a broadband half wave plate (HWP), that converts vertically 
polarized photons into horizontally polarized. The NPBS has a 50:50 reflection/transmission ratio and 
transmits half of the entangled photons towards a mirror (M4). The sample is placed on a microscope slide 
against the mirror (M4) for transverse plane scanning (x and y directions). The QWP converts the 
polarization of the photons into circularly polarized photons, followed by a 20mm focusing lens. Photons 
propagate through the sample and are reflected by the mirror (M4). The sample and mirror combination 
reflect photons towards the NPBS where they are redirected to the last PBS through QWP and HWP. The 
last PBS transmits p-polarized photons towards the right SPCM and reflects s-polarized photons towards 
the left SPCM. A combination of QWP and HWP plates before the last PBS are used to set the projection 
operator for sample and idler arms independently. 
Two single photon counting modules along with the coincidence circuit (denoted by ⊗) measure the 
coincidence rate of entangled photons. 
 
6.4 Experimental Results 
A transparent 3M scotch tape is applied to a standard microscope slide and the density matrix of the 
entangled states compared for photons propagating through the slide glass with and without the birefringent 
tape. Figure 6-2(a) and 6-2(c) show the real part of the tomographic density matrix measured using 
coincidence counts and equation (6.6) with and without the birefringent tape, respectively. The density 
matrix obtained through inverse numerical optimization technique, equation (6.13) for the investigated 




birefringent material changes the polarization of entangled photons in the sample arm and the density matrix 
of the entangled states reflect these changes, as evident in figures 6-2(a)-(d). Concurrence and the 
entanglement levels are calculated using equations (6.7) and (6.10), for tomographic and inverse techniques 
respectively from the density matrices. Tomographic measurements of concurrence and entanglement 
without tape are 82.99% and 76.2%, while inverse estimation of concurrence is 91.04% ± 0.0102 and 
87.27% ± 0.0284 for entanglement. Same measurements of concurrence and entanglement with birefringent 
tape are 14.57% and 4.77% for tomographically reconstructed density matrix, and inverse estimation of 
concurrence is 49.57% ± 0.005 and 34.99% ± 0.0109 of entanglement. The results for the birefringent tape 
appear different in the reconstructed density matrices in figures 6-2 (c) and 6-2 (d), using quantum state 
tomography and the inverse technique. We attribute these differences to the superior accuracy of the inverse 
numerical optimization technique compared to quantum state tomography. 
Fig.  6-2 (a) – Tomographic density matrix without the tape, (b) inverse density matrix without the tape, 




The transparent 3M scotch tape is applied to a standard microscope slide and scanned in a transverse 
plane with 10	𝜇𝑚 resolution. The photo of the tape is shown in figure 6-3(a), same section of the tape 
between two cross polarizers is shown in figure 6-3(b). Density matrix, concurrence and level of 
entanglement were recorded for each pixel. 2D quantum state tomographic images of concurrence and 
entanglement are shown in figure 6-3(c) and 6-3(e), equations (6.6), (6.7) and (6.10). Inverse numerical 
optimization technique is used to image levels of concurrence and entanglement, and are shown in figure 
6-3(d) and 6-3(f), respectively, equations (6.7), (6.10) and (6.13). 
Reduction of experimental noise is clearly evident from figure 6-3(e) to figure 6-3(f). The image 
enhancement in 6-3(f) is a result of an inverse numerical optimization technique that, reduces experimental 
noise and provides positive, semidefinite unit trace density matrix [20]. The optimization technique 
improves overall image quality and detail resolution.  Average entanglement of tomographic pixels without 
the birefringent tape is 62.32% with standard deviation of 7.96 and standard error of 0.2225, while pixel 








Fig.  6-3 (a) –3M scotch tape, (b) tape between cross-polarizers, (c) tomographic image of concurrence, 
(d) inverse numerical optimization image of concurrence, (e) tomographic image of entanglement, (f) 






In this chapter we have presented and compared the first experimental images and characterization of 
a birefringent material using quantum tomography and inverse numerical optimization techniques. The 
density matrix of entangled photons for each pixel is calculated using tomographic and inverse techniques 
from measured coincident rate projected onto a set of sixteen operators. Images of concurrence and 
entanglement are reconstructed from the density matrix. These images reflect the degree of entanglement 
between two qubits for each pixel and are a measure of the level of birefringence. Tomographic and inverse 
numerical optimization techniques are used to compare concurrence and entanglement image quality. Well-
defined enhancement is presented using inverse numerical optimization technique of the 3M tape in images 
of entanglement and concurrence, 6-3(d) and 6-3(f), respectively, over the tomographic figures 6-3(c) and 
6-3(e). These results highlight the experimental noise reduction achieved by using numerical optimization 
techniques and overall image enhancement. The technique described in this work has many potential 
applications in the characterization of micro and nano structures, including biological samples. 
In the next chapter we use techniques describe in this chapter to image in-vitro healthy and cancerous 
human lung tissues. Qubits are used to characterize birefringence in a histological melanoma lung sample 
by means of polarization sensitive measurement using density matrices of two-level quantum entangled 
photons. Coincidence rates of entangled photons are measured for a set of sixteen polarization states. 
Inverse numerical optimization technique is used to reconstruct the density matrix and the degree of 
entanglement for each pixel of the investigated sample. The changes in the entanglement between two 
qubits are used to characterize birefringence of the sample. Well-defined entanglement images show the 
presence of birefringence in lung tissues with melanoma and no birefringence is detected in healthy 
samples. Melanoma is an aggressive tumor and has a propensity to metastasize to lymph nodes, in lungs, 
liver and virtually any other site of the body. We believe quantum imaging could eventually assist with the 






The constant K, characteristic of the detectors and pump intensity can be estimated using coincidence 
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7.1 Introduction  
In the previous chapter we mentioned that reconstruction of a quantum state and QST are of increasing 
importance in quantum information science. QST is used to describe entanglement of trapped ions [1] and 
photons. The technique extracts information about the quantum state of the system. It is clear, from several 
publications that quantum sensing, and quantum imaging techniques can outperform current classical 
systems [12-16]. Yet very little work was done to experimentally apply QST to image biological tissue 
samples. To fill this gap, in this chapter we compare quantum images of histological samples of healthy 
human tissues with cancerous lung tissues.  
Classical optical techniques were used in reference [17] to image in-vitro carcinoma cells of a lung 
tissue via Polarization Sensitive Optical Coherence Tomography, (PS-OCT). The authors reported a 
birefringence signature. Similar classical polarization techniques were applied to imaging of other 
cancerous tissue [18,19], where birefringence was clearly visible in the malignant tissue. In this work we 
use qubits to characterize birefringence in a histological sample of melanoma lung tissue by means of 
polarization sensitive measurements using density matrices of two-level quantum entangled photons. The 
changes in entanglement between two qubits are used to characterize the birefringence of the sample. 
Coincidence rates of entangled photons are measured for a set of sixteen polarization states. The 
reconstructed density matrix and the degree of entanglement for each pixel of the investigated sample are 
then imaged.  
Quantum state tomography is a technique that reconstructs density matrix 𝝆 through multiple 
measurements of relevant quantum states. Stokes parameters, arguably are among the first experimental 
methods used as projection operators in the reconstruction of a quantum state in an entangled photon 
system. For a quantum state with two qubits a set of sixteen projection operators are required for the 
reconstruction of the density matrix as outlined in the previous chapter. The coincidence count 




entangled photons projected on the |𝐻𝑉⟩ and |𝑉𝑉⟩ operators are represented as 𝑛/ = 𝐾⟨𝐻𝑉|𝝆|𝐻𝑉⟩ and 
𝑛0 = 𝐾⟨𝑉𝑉|𝝆|𝑉𝑉⟩, respectively. The method is described in detail in the previous chapter. Reconstruction 
of entanglement images are computed for each pixel and follow from equation (6.10) and (6.13). 
The inverse numerical optimization technique is used to reconstruct the density matrix. Inverse 
techniques offer significant improvement over the quantum tomography approach [2-11].  We are aware 
that a number of inverse algorithms were proposed with faster convergence time [20-23]. The performance 
and image enhancement of these algorithms is yet to be investigated. Images of both melanoma and healthy 
histological samples are reconstructed from the levels of entanglement measured for each pixel. The 
changes in level of entanglement between two qubits describe localized birefringence in the reconstructed 
melanoma image. The reconstructed density matrix via inverse numerical optimization technique, reduces 
experimental noise, provides a positive, semidefinite unit trace matrix and improves overall image quality 
and detail resolution [21-24]. As a result, well-defined entanglement images of the birefringence can be 
obtained. The technique described in this work has many potential applications in the characterization of 
biological samples.   
In this work, two-level quantum entangled photons are generated in a type-II crystal via spontaneous 
parametric down-conversion [18,19]. One of the entangled photons interacts with the sample. The localized 
birefringence in the sample changes the polarization of the photon. These changes translate into a reduction 
of the coincidence rate of the entangled photons projected on to a set of sixteen polarization states. 
Subsequently, these variations transform the density matrix and the level of entanglement. The 
entanglement levels are recorded for each pixel and images of the sample are reconstructed. The 





7.2 Experimental Results 
      Two-level quantum entangled photons are generated in a periodically poled KTiOPO4 (PP-KTP) crystal 
via spontaneous parametric down-conversion [25, 26]. Entangled photons are centered at 810nm. The 
experimental setup is shown in figure 7-1. One of the entangled photons interacts with the sample. The 
sample is placed on a microscope slide against the (M3) mirror for transverse plane scanning. The localized 
birefringence changes the polarization of the photon. These changes translate into a reduction of the 
coincidence rate of the entangled photons projected on to a set of sixteen polarization states. Polarization 
states are set using a broadband quarter waveplate (QWP) and a halfwave plate (HWP) for sample and idler 
arms independently. The last PBS transmits p-polarized photons and reflects s-polarized photons towards 
the corresponding single photon counting module (SPCM). Two SPCMs along with the coincidence circuit 
(denoted by ⊗) measure the coincidence rate of entangled photons. Subsequently, these variations impact 




the density matrix and the levels of entanglement. The entanglement levels are recorded for each pixel and 
images of the histological slides are reconstructed.  
     Samples were scanned in the transverse plane with 10μm resolution. The histological sample of human 
lung melanoma, 7μm thick was obtained from Carolina Biological Supply Co. item# 317768. The tissue 
was sandwiched between a glass slide and a cover slip. The cover slip was secured to the slide with an 
adhesive. The sample was stained with hematoxylin and eosin, see figures 7-2(a) and 7-2(b). Figure 7-2(c) 
shows same section as figure 7-2(b) of the histological slide between two cross polarizers. Birefringence 
signature is evident in these images in par with reports presented in [17].  
     Coincidence rates of entangled photons were measured for a set of sixteen polarization states and two 
of sixteen sets are presented in figures 7-3 (a) and 7-3 (b). Figure 7-3 (a) is reconstructed from a |𝑉𝑉⟩ 
projection operator, where both sample and idler entangled photons are s-polarized, while figure 7-3 (b) is 
reconstructed from a |𝐻𝑉⟩ projection operator, with cross-polarized entangled photons, where sample 
photons are s-polarized and idler are p-polarized. The birefringence signature is clearly outlined in the 
cross-polarized scan, figure 7-3 (b). The visible birefringence in the cross-polarized image is directly related 
to coincidence rates of entangled photons.  Coincidence rates are also subject to experimental noise, shot 
noise, the uncertainty of the wave plates angles, laser power fluctuations, temperature drifts, etc. The 
reconstructed density matrix via inverse numerical optimization technique, reduces experimental noise and 
improves overall image quality and detail resolution. The density matrix is then reconstructed for each pixel 
and entanglement levels computed. Figures 7-4 (a) and 7-4 (b) show reconstructed density matrix of a 
melanoma section without and with the birefringence, respectively. The fidelity of the reconstructed density 
matrix in presence of birefringence is reduced. The reduction is quantified using level of entanglement 
between photon pairs. The entanglement of the birefringent section was recorded at 73.26%, and without 
birefringence at 89.91%. A reduction of 16.65%  attributed to the presence of birefringence in the melanoma 
tissue. The reconstructed entanglement image of a melanoma sample is shown in figure 7-3 (c) and has 
















Fig.  7-2 a) histological image of human lung melanoma, b) magnified section outlined in a), c) same 














Fig.  7-3 a) coincidence counts image VV polarization, b) coincidence counts image HV, cross-




     Dark blue sections correspond to strong localized birefringence, with recorded entanglement of 73.26%. 
Lower birefringence levels are present in light green sections with recorded entanglement of 88.07%. These 
images reflect the degree of entanglement between two qubits for each pixel and are a measure of the level 
of birefringence. 
     The tissue of a healthy human lung was analyzed as well. Birefringent signatures if present are very 
weak and could not be imaged with the current configuration. The histological slide was obtained from 
Carolina Biological Supply Co. item# 317768, 7μm thick. It was also stained with a hematoxylin and eosin 
to show general lung tissue structures, see photo 6-5 (a). Figure 7-5 (d) is reconstructed from a |𝑉𝑉⟩ 
projection operator, where both sample and idler entangled photons are s-polarized, while figure 7-5 (c) is 
reconstructed from a |𝐻𝑉⟩ projection operator, with cross-polarized entangled photons, where sample 
photons are s-polarized and idler are p-polarized. Birefringence signature is not present in the cross-
polarized figure 7-5 (c). The density matrix is then reconstructed for each pixel in par with the earlier 
approach of histological melanoma sample and the levels of entanglement computed. The reconstructed 





Fig.  7-4 a) reconstructed density matrix of a melanoma tissue without birefringence, b) reconstructed 




88.43%. The reconstructed entanglement image is shown in figures 7-5 (e). The dark blue section in figures 
7-5 (c) - (e) correspond to a dust particle. 
It is worth noting that single photon interference fringes are present in figures 7-3 (a) –  (c), that correlate 
to the thickness of the cover slip. The thickness of the cover slip in the healthy lung slide is thinner and the 


















Fig.  7-5 a) Image of histological healthy human lung melanoma, b) reconstructed density matrix healthy 
tissue, c) coincidence counts image HV, cross-polarization, d) coincidence counts image VV polarization, 




7.3 Discussion  
In this chapter we presented an imaging technique that extracts information about the quantum state of a 
system and reconstructs images of biological samples using entangled photons. The density matrix of 
entangled photons for each pixel is calculated from measured coincidence rates projected onto a set of 
sixteen operators. Images of entanglement are reconstructed from the density matrix. These images reflect 
the degree of entanglement between two qubits for each pixel and are a measure of the level of 
birefringence. Quantum images of the histological healthy human lung sample and melanoma sample were 
compared as well. Well defined birefringent regions were observed in quantum state tomographic 
reconstructions in the cancerous lung slide while no birefringence was detected in the healthy sample. The 
technique is designed to examine standard histological microscope slides, without special preparation or 
post processing. We hope that presented quantum state tomography imaging technique could eventually 
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In this thesis (chapter five) we presented the first experimental technique that uses Polarization 
sensitive quantum optical coherence tomography (PS-QOCT) for imaging and characterization of 
a birefringent material. PS-QOCT is a fourth-order interferometric technique that uses quantum-
entangled photons, generated in a type-II crystal via spontaneous parametric down-
conversion.  PS-QOCT reduces dispersion and enhances the resolution capability that is present in 
classical OCT. The technique provides both axial and transverse optical sectioning capabilities that 
are also polarization sensitive. Photon-pairs undergo fourth order interference in a Mach Zehnder 
interferometer and after interaction with the sample reveal birefringence fluctuations and optical 
path length differences. The birefringent material changes the polarization of the entangled 
photons and the degree of change is measured by adjusting two waveplates while measuring the 
coincidence rate of the entangled photons. The coincidence rate is recorded for each pixel and the 
2D cross-sectional images were reconstructed. High resolution and well-defined birefringence 
characterization and scattering profile of a 3M tape were obtained.   
We also presented (chapter six) and compared the first experimental images and 
characterization of a birefringent material using both Quantum state tomography, QST and inverse 
numerical optimization techniques. The density matrix of entangled photons for each pixel was 
calculated using tomographic and inverse techniques from measured coincident rate projected onto 
a set of sixteen operators. Images of concurrence and entanglement are reconstructed from the 
density matrix. These images reflect the degree of entanglement between two qubits for each pixel 




techniques are used to compare concurrence and entanglement image quality. Well-defined 
enhancement of 3M tape images were presented using inverse numerical optimization techniques. 
These results highlight the experimental noise reduction achieved by using numerical optimization 
techniques and overall image enhancement.  
Finally, we applied QST techniques to image in-vitro healthy and cancerous human lung 
tissues (chapter seven). Qubits were used to characterize birefringence in a histological melanoma 
lung sample by means of polarization sensitive measurement using density matrices of two-level 
quantum entangled photons. Coincidence rates of entangled photons were measured for a set of 
sixteen polarization states. Inverse numerical optimization technique was used to reconstruct the 
density matrix and the degree of entanglement for each pixel of the investigated sample. The 
changes in the entanglement between two qubits were used to characterize birefringence of the 
sample. Well-defined entanglement images show the presence of birefringence in lung tissues with 
melanoma and no birefringence is detected in healthy samples. Melanoma is an aggressive tumor 
and has a propensity to metastasize to lymph nodes, in lungs, liver and virtually any other site of 
the body. We believe quantum imaging could eventually assist with the medical diagnosis of 
metastatic melanoma in the future. 
 
8.2 Future Research Work 
A proposal for future work is to combine both techniques into one experimental setup and investigate 
the imaging performance and data acquisition time. In addition, investigate the interferometric detection of 
backscattered light from a tissue and reconstruct 3D images. Combination of both techniques should aid in 
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